The multi-TeV proton and ion beams of the LHC would allow for the most energetic fixed-target experiment ever. In particular, pp, pd and pA collisions could be performed at √ s NN = 115 GeV, as well as Pbp and PbA collisions at √ s NN = 72 GeV, in a parasitic way by making use of the already existing LHCb and ALICE detectors in fixed-target mode. This would offer the possibility to carry out a ground-breaking physics program, to study the nucleon and nuclear structure at high x, the spin content of the nucleon and the phases of the nuclear matter from a new rapidity viewpoint. In this talk I focus on the spin physics axis of the full program developed so far by the AFTER@LHC study group.
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Figure 1:
Comparison of the kinematical coverages of the ALICE and LHCb detectors in fixed target and collider modes, with STAR and PHENIX. "Full PID Det." labels detectors with particle identification capabilities, "E-M Det." an electromagnetic calorimeter and "Muon Det." a muon detector. Target position is considered at the nominal Interaction Point.
Introduction
The multi-TeV LHC beams could offer several unique advantages in fixed-target mode [1, 2, 3, 4, 5, 6, 7, 8, 9] : access to the far backward rapidity region, which remains to be explored with hard reactions; polarization of the target, which allows for the measurement of single-spin asymmetries; possibility of using several target types, like deuteron and 3 He; an energy range between top SPS and RHIC energies for lead-induced collisions; and an outstanding luminosity thanks to the high density of the targets and the large LHC beam fluxes.
Given these advantages of the fixed-target mode compared to the collider mode, we have developed a full physics program to be carried out at the LHC in fixed-target mode, based on three main research axes: i) the high-momentum-fraction (x) frontier in nucleons and nuclei, with a specific emphasis on the gluon and heavy-quark distributions, the transition between the inclusive and exclusive regimes of QCD and the implications for astroparticle physics including Ultra-High Energy cosmic neutrinos; ii) the spin content of the nucleons, with a focus on single transverse spin asymmetries (STSAs) and azimuthal asymmetries from correlations between the spin and the transverse momenta of the partons/hadrons; iii) the ultra-relativistic heavy-ion collisions in a new rapidity and energy domain, between SPS and RHIC energies, with heavy-flavour observables (including quarkonia) as well as identified light hadrons through a rapidity scan down to the target rapidity.
7 TeV protons on a fixed target release a center-of-mass-system (cms) energy √ s NN = 114.6 GeV, while for 2.76 TeV Pb beam √ s NN = 72 GeV. This results in a rapidity shift as large as 4.8 (4.3 for Pb beam). This large rapidity boost implies that the backward rapidity region is accessible by using the already existing ALICE or LHCb detectors, whose nominal acceptances are then shifted to negative y cms (see fig. 1 ).
Different technological implementations are currently under investigation to perform fixedtarget experiments at the LHC: by letting the full LHC beam go through a (possibly polarised) gas target in the LHC beam pipe; by extracting halo particles by means of a bent-crystal deflector onto [13] and EIKV [14] ) of the DY A N at LHCb in the fixed-target mode, compared to the projected precision of the measurement [7] . Bands are filled in the region where the fits use existing SIDIS data and hollow where they are extrapolations. (right) Similar projections for the DY A N as a function of x ↑ in p+ 3 He ↑ collisions [7] . a target positioned inside the beam pipe or outside the beam pipe with a dedicated beam line; or by placing a wire/foil target intercepting the faint beam halo in the beam pipe. Technical details can be found e.g. in the recent full report of the AFTER@LHC study group [9] .
3D structure of the nucleon
The spin part of the fixed-target physics program at the LHC bears on two main pillars: STSA measurements with a polarized target and azimuthal-modulation studies. Both allow one to investigate the tri-dimensional (3D) and spin structure of partons confined in hadrons, and help unravel how quarks and gluons are bound in a spin-1/2 nucleon. In particular, STSA measurements in Drell-Yan (DY) process will contribute to the worldwide effort towards the verification of the Sivers-asymmetry [10] sign change [11, 12] between DY and semi-inclusive deep-inelastic scattering (SIDIS). The corresponding extractions in the gluon sector, given their expected precision, would simply be ground-breaking. In addition, looking for azimuthal modulations in DY and pairparticle production will provide novel ways to study quark-hadron momentum-spin correlations. Here we review a selection of the projections performed by the AFTER@LHC study group [9] . Fig. 2 (left) shows two theoretical predictions of the DY STSA (A N ) compared to the projected statistical precision using the LHCb detector in the fixed-target mode. Clearly this measurement can put strict constraints on the quark Sivers effect and the related 3-parton correlation functions [15, 16] , help discriminate among different approaches, and test the time-reversal symmetry of QCD, realized through the relevant initial/final state interactions for DY and SIDIS. It is clearly crucial to be able to perform measurements in the rapidity range 2 < y lab < 3 in order to access the still unmeasured high x ↑ region [7] . In Fig. 2 (right) we show a similar projection but in p+ 3 He ↑ collisions. This measurement could not only complement the ones carried out at JLab in the last two decades, but improve them by offering more precision and the possibility to constrain the Sivers function in a neutron, shedding some light on its isospin dependence.
In Fig. 3 we show the projected statistical precision for several other asymmetries in DY production, which is expected to be as good as a few percent. They would for the first time offer 
Figure 3: Projected statistical uncertainty on asymmetries in DY production with LHCb (the rapidity is integrated over, as well as the mass in bins of dM = 1 GeV/c 2 ). A major strength of the LHC fixed-target mode is the large production rates for open heavyflavour mesons and quarkonia (roughly 10 6 ϒ and 10 9 J/ψ in pH collisions for a single year of data taking [6, 19] ). These processes are very useful probes to precisely access and constrain the gluon Sivers effect, still essentially unknown [20] . For instance, Fig. 4 shows the projected statistical precision with ALICE in fixed-target mode for J/ψ A N , compared to existing measurements [17, 18] and theoretical predictions [21] .
Photoproduction in hadron-hadron interactions [22] can also be accessed with ultraperipheral collisions in the fixed-target mode [23, 24] . These exclusive reactions can constrain generalised parton distributions [25, 26, 27, 28, 29] , which parametrize the three-dimensional structure of hadrons in position space, and which are related to parton orbital angular momentum.
Finally, at the LHC in fixed-target mode one can also access the distributions of longitudinally polarised (anti)quarks inside hadrons, which are not well known [30] , through the measurement of the longitudinal spin transfer D LL from a longitudinal polarised target to Λ orΛ hyperons. The understanding of the possible asymmetry in the distributions of polarised strange and anti-strange quarks is still an open and very intriguing question in hadronic physics. In addition, similar mea-surements can be performed for the transverse spin transfer D T T to hyperons, giving access to the integrated quark transversity. This quantity, also called the nucleon tensor charge, is a very useful input for searches of new physics beyond the Standard Model.
Summary
A fixed-target experiment at the LHC would greatly extend its physics capabilities, offering many opportunities to study the nucleon/nuclear structure at high x, the properties of nuclear matter under extreme conditions in heavy-ion collisions, and the nucleon 3D/spin decomposition in terms of partonic degrees of freedom, which has been the topic of this talk. Extensive theoretical works have contributed to the development of a full physics program for a fixed-target experiment at the LHC, using both the multi-TeV proton and ion beams [31, 19, 32, 13, 33, 20, 34, 35, 36, 23, 37, 38, 39, 40, 41, 31, 42, 43] . Several projection studies, based on the performances of ALICE and LHCb detectors in fixed-target mode [9, 7, 8, 6, 44, 5, 45] , clearly show that unprecedented precise measurements are at reach, both on quark and gluon sensitive probes such as Drell-Yan, open heavy-flavour and quarkonium production.
